Abstract-The radiation level at High Energy Particle Accelerators (HEPA) can be high enough to damage electronic devices. Any active component near the accelerator must be radiation resistant. Since High Temperature Superconductors (HTS) have great potential to be used in HEPAs (e.g., in superconducting magnets, current leads, RF cavities), it is important to understand the radiation hardness of these materials. A radiation test of HTS wire (BSCCO-2223) was performed at Fermilab. The HTS sample was irradiated with 8 GeV protons and the critical current, IC, was measured during the irradiation. The total radiation dose was 10.8 & 1.0 Mrad. No change in IC was observed.
I. INTRODUCTION
In order to evaluate the long-term reliability of accelerator components made with new HTS materials, it is necessary to determine their performance characteristics in a high radiation environment. A number of radiation hardness experiments have been conducted in the past [1]- [6] . Data are presented here from testing of-HTS material from a commercially available HTS current lead, which was manufactured from Ag-alloy sheathed BSCCO-2223 (powder-in-tube) by the American Superconductor Corporation (Cryosaver; model number CS010030).
Fermilab is evaluating the use of HTS power leads as a possible upgrade to the Tevatron, a superconducting proton accelerator. The goal of this test was to achieve an exposure level at least ten times higher than the estimated radiation exposure to magnets and power leads in the Tevatron accelerator tunnel, integrated over a ten-year lifetime. These levels have been measured to be about 1-5 Rad/hour [7] , 0.5 Mrad over ten years. In this experiment the wire was exposed to a high intensity 8 GeV (kinetic energy) proton beam using the Fermilab Booster. This was the only available high intensity source of proton radiation at Fermilab at the time of the test.
The basis used to evaluate the lead was the "relative" critical current I,. We looked for any change as a function of the radiation exposure. We did not attempt t o measure the absolute critical current density, J,, or evaluate the material properties. I, is taken to be the current at which the voltage across the HTS wire corresponds to 1 pV/cm.
TEST SETUP

A . Cryogenics and Beam
The radiation test was carried out in a region of the Fermilab Booster tunnel where beam could be extracted onto a target. Operational considerations limited access to the tunnel, so the apparatus was designed to minimize the need for access once it was assembled. Figure 1 shows a schematic view of the test setup. The liquid nitrogen (LN2) cooling system was designed to operate for appro:<-imately a week without refilling the supply dewar.
The HTS power lead was immersed in LN2 inside a test cryostat, whose elevation and horizontal position in the beam could be adjusted with a remotely oper,ated table. The connection between cryostat and supply dewar was made with a flexible hose assembly to accommodate this motion. The cryostat was swept horizontally by several beam widths, and moved up and down the full wire length continuously during the exposure to illuminate the HTS wire uniformly. These motions were made automatically in discrete steps (measured by a position encoder) between pulses whenever a preset number of beam counh was accumulated.
The beam position was continuously monitored using a fluorescent "flag" target viewed by a closed-circuit television camera. This flag was connected to the cryostat and its position was surveyed relative to the HTS wire; a coordinate system on the flag made it possible to determine the position of the beam spot. The beam spot size wits of order 4 m m diameter -comparable to the 4 m m diameter power lead. The pulse-by-pulse beam intensity wits monitored by the accelerator system using a beam toroid. The integrated radiation flux was also measured by the activation of two thin aluminum foils placed upstream of, and exposed with, the current lead. The exposed aluminum foils were analyzed independently by the Fermilab radiological survey group [7] , who calculated from the foil activities and mass that the total exposures of the two foils were 11.5 iz 1.5 Mrad and 10.2 % 1. 3 Mrad, consistent with the rough estimate above. We take the weighted mean of the latter, more rigorous, results as the actual exposure, equal to 10.8% 1.0 Mrad.
B. DAQ and Power Systems
B. Determination of I,
The value of I, is taken to be the current at which the voltage across the HTS wire corresponds to 1 pV/cm. Since the HTS wire was 18.5 cm long, this voltage is 18.5 pV. Therefore I, can be read off the graph of voltage versus current. Figure 4 shows the voltage versus current trace for a typical pair of positive and negative ramps, which have been plotted on the same graph. There is an offset of 93 pV which is, very likely, due to thermal emfs; nevertheless it was stable, from ramp to ramp, at the level of 3 pV. This baseline uncertainty leads to an uncertainty in the measured critical current of about 2 A (from the slope of V vs I at I = I,). The scatter among the points at a given current is quite small, and has an RMS of about 100 nV. During the test the points with large scatter were found to occur in coincidence with the beam pulse. Figure 5 shows the average voltage plotted versus magnitude of the current for the same data shown in Figure  4 . In Figure 5 the common baseline offset has been subtracted and the positive and negative polarity data have been averaged. From this graph one can read off the critical current to be about 74 A. 
C. Systematic Effects
The behavior of the power lead voltage during the step tests shows no change with time after ramping quickly to a current near I,. The variation of measured voltages among the step test ramps is consistent with that observed a scan system to monitor temperatures in the cryostat, a scan system t o measure the current and voltage across the power lead, and the power supply control system. Existing coaxial cables, about 150 feet long from the tunnel to the readout electronics located in a remote service building, were utilized. Although not optimal, the cables provided quite low-noise performance. Figure 3 shows a detail view of the power lead and sensors. The temperature and voltage measurements were made with a VXI multiplexer and digital multi-meters (DMM) connected to a VXI command module via General Purpose Interface Bus (GPIB). A SUN workstation, which executed simple shell scripts, was used to control the devices and log data. Temperatures were monitored continuously -every 30 seconds -using platinum resistor thermometers (RTD's). These RTD's were measured by employing a four-wire resistance technique using a fixed current source and a multiplexer/DMM combination. Two sensors monitored the LN2 dewar temperature and two others monitored the HTS wire temperature in the cryostat. The temperature of the HTS wire was 78 K throughout the test.
The A bi-polar supply was used to power the lead, and was controlled using an HP E1328A DAC module in the VXI crate. A unix shell script controlled the ramp up to a maximum current of 100 Amperes. The power supply polarity was alternated between ramps in order to determine and eliminate thermal emfs. The current measurement was made with a precision shunt resistor whose voltage was digitized with an HP3458 DMM. The lead current was also sensed by an internal current transductor of the power supply, and measured with a Keithley 2001 DMM for visual monitoring purpose only. Due to the expected slow development of HTS quenches, quench protection was performed manually. The operator switched the power supply off if the lead voltage exceeded 1 mV.
C. Test Program and Data Sets
The primary purpose of the test was to measure the voltage vs current behavior as a function of radiation dose, in order to determine the critical current, I,. Nearly 200 power supply ramps were measured during the 8-day test, during which 6.2e15 protons were delivered to the target. The radiation dose as a function of time was approximately linear.
Some special measurements were made in order to assess whether there might be voltage growth due to increas-2VXI is a standard modular instrument architecture for testing and measurement.
ing lead resistance and heating during the slow ramp. For this study, called the "step test", the power isupply was ramped very quickly to a current near I, an.d the lea,d
voltage was measured at that current for about 50 seconds (the same duration as the slow ramp). Tlne stability of this voltage allows us t o evaluate a systematic error i,n the measurement of IC. 
RESULTS
A . Radiation Dose
The integrated proton intensity on target ci3n be used to estimate the total radiation dose to the HTS, wire. The conversion to radiation dose requires the assumption of a quality factor, given by the Fermilab radiological survey group as 1 Mrad = 3.35e13 protons/cm2 at 8 GeV. Folding in the exposed area (20 c m x 1.2 cm), we estimate the totid radiation dose to be about 8 Mrad.
for slow ramps; i.e., the variation is due to the small uncertainty of the baseline voltage. We conclude that there is negligible systematic shift of the measured critical current due to resistance growth with time during the slow ramp.
The manufacturer's specification for this wire indicates that the critical current is 80 A a t 77K in the self-field of the wire. Because of the geometry in our test setup, the HTS wire is influenced by a small magnetic field from the return current bus (labeled "B" in Figure 3 ). The magnetic field from the return current bus at the HTS wire is given by B = p01/(27rr), perpendicular to the wire. At a nominal current of 73.5 A and a distance of about 1 cm, B = 15 Gauss. From the manufacturer's specification, the expected reduction in IC due to this additional magnetic field at the test temperature of 78K is (approximately) 10%. Therefore our measurement of 73.5 A is consistent with the manufacturer's specification. characteristics of the BSCCO-2223 material.
One should point out that at 8 GeV there will be some particle showering, due to the cryostat material upstream of the wire. This showering generates a small low-energy hadronic and electro-magnetic component of the radiation. The amount of material upstream corresponds to 0.03 interaction lengths, (0.28 radiation lengths) of stainless steel. For this thickness of material, the probability of an inelastic hadron interaction leading to a shower is about 3 percent. On average about 3 secondary particles will be produced in such a shower (halfway through the material), of which 1/3 will be neutral pions that decay to a pair of photons. The photons will shower electromagnetically, and for this thickness about 1/8th of them will convert to a positron-electron pair. This rough orderof-magnitude estimate implies that 1 electron will traverse the HTS wire for every 70 primary protons. Apparently these small components are insufficient to cause a change in the critical current value of the wire tested here. 
D. Discussion
Some relevant factors for interpreting the result are the type and energy spectrum of radiation to which the HTS material has been exposed. Significant enhancements in current-conducting properties have been demonstrated in lower-energy (0.8 GeV) proton irradiation experiments, at doses of > 1OI6 p/cm2 in T1-and Hg-based high -Tc materials [8] . In our experiment, the primary beam was an 8 GeV proton beam, and we observed no change in the critical current value after an exposure of about 3 e p/cm2. It seems reasonable to conclude that one may require a higher radiation dose to see a change in the We exposed an HTS wire made of Bi-2223 to an 8 GeV proton beam, and measured the critical current of the wire to be IC = 73.5 f 2 A. This is consistent with the manufacturer's measurement of 80 A for this wire after correcting for the local magnetic field. We saw no degradation of the critical current after a dose of 11Mrad.
